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Edited by Ned ManteiAbstract We observed a consistent eye-open at birth (EOB)
phenotype in mouse pups homozygous for a leucine-rich repeat
containing G-protein coupled receptor 4 (Lgr4) allele deleting
the whole transmembrane domain coding region. An in vitro
wound-healing scratch assay showed notably reduced keratino-
cyte motility in the null mice. Phalloidin staining of F-actin in
the eyelid epidermis was also reduced. We also generated kerat-
inocyte-speciﬁc Lgr4 deﬁcient mice, circumventing the embry-
onic/neonatal lethality and kidney abnormalities. Most of the
conditional Lgr4 knockout mice showed the EOB phenotype.
Thus, Lgr4 might be a novel gene class regulating cell motility.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Keratinocyte1. Introduction
Lgr4 (leucine-rich repeat containing G-protein coupled
receptor 4) is one of the genes identiﬁed as novel G-protein
coupled receptors (GPCRs) [1,2], designated Lgr4–Lgr8,
from an EST database with high homology to glycoprotein
hormone receptors including follicle-stimulating hormone
receptor (FSHR) [3], luteinizing hormone/chorionic gonado-
tropin receptor (LH/CGR) [4,5] and thyroid-stimulating hor-
mone receptor (TSHR) [6].
As Lgr4 shows high homology with FSHR, LHR and
THSR, this receptor has been thought to be involved in repro-
ductive systems. Mazerbourg et al. reported the generation ofAbbreviations: LGR, leucine-rich repeat containing G-protein coupled
receptor; GPCR, G-protein coupled receptor; FSHR, follicle-stimu-
lating hormone receptor; LH/CGR, luteinizing hormone/chorionic
gonadotropin receptor; TSHR, thyroid-stimulating hormone receptor;
EOB, eye-open at birth; Arbp, acidic ribosomal phosphoprotein PO
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doi:10.1016/j.febslet.2007.08.064Lgr4 gene-interrupted mice using a gene-trapped ES cell line
[7], in which the expression of Lgr4 is severely attenuated by
the insertion of the b-geo gene in an enhancer trap procedure
[8]. They described the neonatal lethality of the null mice, but
not the cause. Previously, we generated similar Lgr4 knockout
mice by completely removing exon18, which encodes the whole
transmembrane domain of Lgr4, in order to eliminate the
chance of receptor fragment localizing at the membrane or
transmitting downstream signals [9]. In those Lgr4 knockout
mice, gross hypomorphic phenotypes developed in multiple tis-
sues and organs, and the null mice showed hypoplastic kidneys
with an increased concentration of plasm creatinine, which was
strongly suspected to be the cause of the neonatal/embryonic
lethality.
Recently, Mendive et al. as well as Hoshii et al. reported
Lgr4 gene-trap lines exhibiting defective postnatal develop-
ment of the male reproductive tract [10,11], again in contrast
to the embryonic/neonatal lethality seen in our Lgr4 knockout
mice on a 129Ola · C57BL/6 hybrid background [9]. In our
Lgr4 knockout mice it appeared that complete loss of the
Lgr4 gene would induce complete embryonic/neonatal lethal-
ity. As reported in our ﬁrst paper, the typical phenotype of
the Lgr4 null mutants other than the kidney aberration was
eye open at birth (EOB) with 100% penetrancy, strongly sug-
gesting reduced keratinocyte proliferation and motility. Sev-
eral studies have reported a strong relationship between a
reduction in keratinocyte proliferation/motility and the EOB
phenotype [12,13], and it has been suggested that Lgr4 is
essential for organ development and cancer cell invasion
[10,11,14]. Additionally, a close relationship between cancer
cell invasion and cell motility was reported, and it is well
known that organ development requires cell motility [15,16].
We therefore suspected the existence of a close relationship be-
tween Lgr4 and cell motility, and considered that common
mechanisms might cause EOB and the other abnormalities ob-
served in Lgr4 null mice. In the present study we focused on
the EOB phenotype in relation to the keratinocyte motility
of the null mice.
We provide evidence that Lgr4 has a role in keratinocyte
motility. In addition, we succeeded in dissociating the
EOB phenotype, ﬁrst observed in all conventional Lgr4
KO mice, from the kidney lesions and lethality using condi-
tional Lgr4 knockout mice crossed with K5-Cre transgenic
mice.blished by Elsevier B.V. All rights reserved.
Fig. 1. Lgr4 deﬁciency causes impairment in embryonic eyelid closure.
(A) Left panel and right panel show morphology around eyes of Lgr4
heterozygous (Lgr4 +/) and Lgr4 null mice, respectively at postnatal
day 0. (B) Eyelid sections prepared from E 15.5 wild-type (a,b) or null
(c,d) mouse fetuses were immunostained with rabbit anti-LGR4
antibody (ab 12576, Abcam, USA), followed by HRP-conjugated
second antibody. Asterisks show epithelial cell layer at the protruding
tips of the growing eyelids, and arrows show the corneal epithelium
layer. (C) Histological analysis (H&E staining) of E15.5 and E16.5
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2.1. Histology
For the eyelid histology, the heads of the mice were ﬁxed in 4% para-
formaldehyde overnight. After dehydration, they were embedded in
paraﬃn. Paraﬃn blocks were sectioned at 2–5 lm thickness and
stained with H&E (hematoxylin–eosin) and Phalloidin-TRITC (tetra-
methyl rhodamine isothiocyanate) using standard procedures.
2.2. In vitro apoptosis cell test
Sections from around the eyelids of E15.5 mice were used for the
detection of apoptotic cells. Samples were processed according to the
protocol of In Situ Cell Death Detection Kit (Roche, Japan).
2.3. Keratinocyte primary culture
Primary keratinocytes were isolated from neonatal mice. The epider-
mis was separated from the dermis with 0.8 U/ml dispase (Roche) over-
night at 4 C. Keratinocytes were dissociated by trypsin for 5 min at
34 C and plated onto dishes precoated with collagen type I. The cells
were cultured in minimum essential medium supplemented with 4%
Chelex (Bio-Rad, Hercules, CA)-treated fetal calf serum epidermal
growth factor (10 ng/ml; Gibco BRL), and 0.05 mM CaCl2 at 34 C
in an 8% CO2 incubator. Under these conditions, keratinocytes are
maintained in an immature state characterized by active proliferation.
For all the experiments, the cells were used one week after plating.
2.4. In vitro migration assay
Keratinocytes derived from each genotype of neonatal mice were
cultured until conﬂuent. After scratching with plastic tips, the distance
that the keratinocyte migrated was measured every 3 h. Each sample
was counted at 16 points and the average distance was calculated.
2.5. Quantitative RT-PCR
Messenger RNA derived from wild-type and Lgr4 null mice kerati-
nocyte was subjected to cDNA synthesis by standard procedures.
Quantitative RT-PCR assays were performed with the DNA Engine
Opticon System (MJ Research, Japan) with a cycling proﬁle as follows:
at 95 C for 2 min, 39 cycles at 95 C for 5 s, at 61.4 C for 30 s, and at
72 C for 30 s. The genes and primer sets are shown in the supplemen-
tary material.
2.6. Generation of keratinocyte speciﬁc Lgr4 deﬁcient mice
To generate Lgr4 fx/fx mice without frt-Neo-frt cassette, an initially
targeted Lgr4 mutant [9] was mated with Flp deleter [17]. Mice with
the keratinocyte-speciﬁc Lgr4 deletion were generated by breeding ker-
atin5-Cre (K5-Cre); Lgr4 +/ mice with Lgr4 fx/fx mice [18]. The ge-
netic backgrounds were C57Bl/6 · 129Ola for Lgr4 +/ and Lgr4 fx/
fx, and C57Bl/6 · C3H for K5-Cre. Primers for Lgr4 genotyping are
shown in the supplementary material.
2.7. Statistical evaluation
All experimental data are expressed as mean S.E.M. Statistical
comparisons in all the physiological and laboratory data were made
among the genotype groups using ANOVA followed by Student’s
t-test for individual comparisons. P values of <0.05 were considered
signiﬁcant.embryos.3. Results
3.1. Lgr4 null mice show morphological abnormalities in the
eyelids at E15.5
Lgr4 null mice showed some gross abnormalities. In wild-
type mice during the embryonic stages E15.5 through E16.5,
epithelial cells extended to the center of the eyes and ﬁnally be-
came fused. The mice were then born with their eyelids fused,
and the eyelids opened gradually by 12–14 days after birth.
However, Lgr4 null mice showed the EOB phenotype with
100% penetrance (Fig. 1A). Histological analysis of the wild-
type mice followed by immunostaining showed a high expres-sion level of Lgr4 at the protruding tips of the eyelids and in
the epithelial cells of the cornea at E15.5, but no expression
was detected in the same areas of the null mice (Fig. 1B). As
shown in Fig. 1C right, the eyelid closure was impaired in the
null mice as compared to the heterozygous mice (Fig. 1C, left).
3.2. Proliferation and motility of keratinocytes from Lgr4 null
mice
EOB has been reported as a typical phenotype reﬂecting
keratinocyte proliferation/motility, which we then measured.
No decrease in proliferating cells was detected in the eyelid epi-
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reduction of the cytoplasmic accumulation of F-actin was ob-
served with the EOB phenotype in some gene knockout studies
[19,20], we stained the eyelid sections with phalloidin and
found that there was less ﬁlamentous accumulation of F-actin
at the margin of the eyelid epithelium, as shown in Fig. 2A.
Furthermore, we examined the extent of keratinocyte prolifer-
ation in vitro using the incorporation of BrdU, but no signif-
icant diﬀerence between the wild-type and the Lgr4 null mice
was observed (date not shown). Next, the keratinocyte motility
was measured by an in vitro migration assay. The lack of Lgr4
was related to a reduction of the keratinocyte motility, and we
observed a signiﬁcant delay in healing 3 hours after scratching
in the cells from the null mice (Fig. 2B and C). To further ana-
lyze other possible mechanisms responsible for EOB in addi-
tion to the reduced motility of the null mice, wild-type and
Lgr4 null fetuses at E15.5 were subjected to TUNEL assay
to examine the extent of cell apoptosis around the eyelid tis-
sues. However, neirther types of embryos showed any apopto-
tic cells (Fig. 2D).
These results suggest that the EOB observed in the null mice
was not induced by an enhancement of apoptosis, and provide
further evidence that Lgr4 is a critical regulator for keratino-
cyte motility in the epidermal tissue of eyelids.Fig. 2. EOB phenotype and impaired keratinocyte motility. (A) Coronal eye s
phalloidin-TRITC. Scale bar: 30 lm. (B) Keratinocyte motility was assessed
mean (S.E.M.; vertical bar) of 16 independent wounds are shown by a linegra
E15.5 fetuses showed apoptotic cells in the eyelids. Positive control is tissue3.3. Quantitative RT-PCR of EOB related genes in
keratinocytes from Lgr4 null mice
The disruption of EGFR, EGF, TGF-a, ADAM17, c-jun,
ActivinA and ActivinB genes has been reported to cause
EOB. We measured the expression levels of these genes in
mRNA prepared from wild-type and Lgr4 null keratinocytes,
but did not detect any signiﬁcant diﬀerences in their expression
levels (Fig. 3). In addition, the expression level of EGFR
around the eyelid at E15.5 in the null mutants was normal
(Supplementary Fig. S1). The phosphorylation of EGFR
around the eyelid at E15.5 was examined in wild-type and
Lgr4 null mice by immunostaining, but no signiﬁcant diﬀer-
ence was observed (date not shown). The phosphorylation of
ERK and JNK of the same samples also showed no diﬀerence
(Supplementary Fig.S1).
3.4. Generation of keratinocyte-speciﬁc Lgr4 deﬁcient mice
As mentioned above, the EOB phenotype observed in Lgr4
null mice was suspected to be closely related to reduced kerat-
inocyte motility. We previously reported that Lgr4 null mice
showed renal hypoplasia [9]. To separate the EOB phenotype
from the renal hypoplasia observed in Lgr4 null mice, we addi-
tionally generated keratinocyte-speciﬁc Lgr4 deﬁcient mice
(Lgr4 conditional knockout mice) as described in Section 2ections of E15.5 wild-type (Lgr4 +/+) and null fetuses were stained with
by in vitro wound-healing scratch assay, and values representing the
ph (C). (*; P < 0.005, **; P < 0.001) (D) Neither wild-type nor Lgr4 null
treated with DNase I. Scale bar: 60 lm.
Fig. 3. Quantitative RT-PCR for cell motility-related genes. EGFR,
EGF, TGF-a, c-jun, ADAM17, ActivinA and ActivinB mRNA levels
in keratinocyte derived from Lgr4 wild-type and null mice (P0) were
quantiﬁed (all bars; n = 3). Error bars represent ± S.E.M.
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deletion of Lgr4 gene in Lgr4 conditional knockout mice was
conﬁrmed by RT-PCR (Fig. 4A). The Lgr4 conditional knock-
out mice were spared the embryonic/neonatal lethality (data
not shown) and almost all of them showed the EOB phenotype
(Fig. 4B and C). The body size and weight of several organsincluding the kidneys and liver were all reduced in Lgr4 null
mice [9], whereas those of the conditional knockout mice were
all normal (Fig. 4D and E).4. Discussion
In this report, we demonstrated an abnormality in the motil-
ity of keratinocytes and the EOB phenotype in Lgr4 null mice.
It is known that, during normal mouse development, the epi-
thelial cells on the protruding tips of both the upper and lower
eyelids migrate along the surface of the cornea and fuse with
each other by E16.5 [12]. This suggests that EOB could be
due to a defect in prenatal eyelid extension. EOB has been re-
ported as a typical phenotype in mutant mice lacking several
genes aﬀecting epithelial cell proliferation and motility
[12,13]. The genes whose deletion results in EOB include tran-
scription factors controlling cell proliferation (c-jun [21,22]),
growth factors (FGF10 [23], HB-EGF [20,24], TGF-a [25],
ActivinB [26]) and their receptors (EGFR [27]), and related
cytoplasmic factors functioning in signal transduction path-
ways (MEKK1 [28,29], JNK [30]). Xia et al. reviewed the sig-
naling pathways required for embryonic eyelid closure in
normal developmental stages and classiﬁed these into two ma-
jor signaling pathways, TGFb/activin-MEKK1-JNK/p38 and
TGF-a/EGFR-ERK [13]. Our data strongly suggest that
Lgr4 plays a critical role in regulating the formation of eyelids
in the embryonic stage and that it contributes to epithelial cell
motility. In addition, epidermal wound-healing activity [21,27]
and tumorigenesis require epithelial cell motility [29].
Although the downstream signaling mechanisms of Lgr4 are
not clear, we speculate that a novel signaling pathway exists
in keratinocytes to regulate the cell motility.
We generated Lgr4 conditional knockout mice that were
spared the embryonic/neonatal lethality, reduced body weight
and renal hypoplasia observed in Lgr4 null mice, and were
born with a mendelian distribution. However, almost all of
these mice showed the EOB phenotype. These results strongly
suggest that the keratinocyte aberration shown by Lgr4 null
mice was not induced by renal hypoplasia.
The observed impairment in keratinocyte motility may sug-
gest that Lgr4 controls the cell motility of keratinocytes. In this
context, elucidating the precise role of Lgr4 along with its cog-
nate ligand would advance the knowledge of the epithelial cell
motility mechanism. Interestingly, one of our Lgr4 null mice
survived for more than 40 days, showing turbid corneas in
addition to various defects. Microscopic observation of the
cornea showed many stripes (data not shown), and we presume
that the degeneration of the cornea, including wounds, resulted
from excoriation by the ﬂoor material in the cage because of
the EOB. However, immunostaining of the eye tissue clearly
showed positive staining at the cornea in the wild-type mice
in addition to the signal at the protruding tips of the eyelid
(Fig. 1B). This result also suggests the possibility that the tur-
bid cornea observed in null mice might be caused by a deﬁ-
ciency of the Lgr4 gene. Therefore, a cornea-speciﬁc deletion
of Lgr4 will be required to study further the function of
Lgr4 in the development, growth and maintenance of the cor-
nea tissue. To our knowledge, there are no published reports of
EOB caused by a deﬁciency of GPCR genes. In addition, in the
other reports on the generation of Lgr4 mutants (by insertion
of a gene cassette carrying a splice acceptor into to an intron of
Fig. 4. Characteristics of Lgr4 conditional knockout mice. (A) RT-PCR for Lgr4 showed no expression of Lgr4mRNA in keratinocytes. Primer sets
are shown in the supplementary material. (B) Lgr4 conditional knockout mice show the typical EOB phenotype. (C) As in the case of Lgr4 null mice,
almost all of the Lgr4 conditional knockout mice show the EOB phenotype. The body weight (D) and the organ weight of the liver and kidneys (E) of
Lgr4 conditional knockout mice are all within normal ranges.
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EOB phenotype of the null mice was not described except in
one abstract for a poster presentation [31]. Nevertheless, we
predicted that Lgr4 and its unidentiﬁed ligand(s) would likely
be related to regulatory mechanisms controlling the develop-
ment and maintenance of epidermal tissue including that of
the eyelid.
In conclusion, we generated two mouse models, one with a
complete deletion of the Lgr4 function and another with a con-
ditional Lgr4 knockout, and provide evidence that Lgr4 is in-
volved in keratinocyte motility aﬀecting eyelid formation.
Adult conditional Lgr4 knockout mice will be a useful tool
for examining the Lgr4 function in keratinocytes.Acknowledgements: We would like to thank Dr. J. Takeda for provid-
ing us the K5 Cre TG mice, and Dr. M. Kitagawa for valuable discus-
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